Fabrication of biodegradable nano test tubes by template synthesis
Nanoscale drug-delivery vehicles have been designed from a variety of materials with various sizes and shapes [1] [2] [3] [4] [5] [6] [7] [8] . Spherical vehicles, such as nanoparticles, have recently attracted significant attention, both for their ease in fabrication as well as the diverse range of materials that can be used for their synthesis [9] [10] [11] . However, recent reports have shown that cylindrical-shaped carriers, such as nanotubes, have an advantage over spherical particles in both blood circulation and cell internalization rates [12, 13] . Discher and colleagues reported that cylindrically shaped micelles remained in circulation in rodents ten-times longer than their spherical counterparts [12] . DeSimone and coworkers discovered that cylindrically shaped carriers were internalized in HeLa cells at a rate four-times faster than spherical particles of the same diameter [13] . Nanotubes also have larger inner volumes as compared with nanoparticles of the same diameter, giving them the potential to carry larger payloads [14] . Despite these many advantages, there are relatively few reports in which nanotubes are used as drug carriers. We therefore focused on using biodegradable polymers to prepare nanotubes that could be employed for drug delivery.
Martin and coworkers developed a template method for producing uniform nanotubes [15, 16] . Depending on the nature of the template membrane, either nanotubes (open on both ends) or nano test tubes (only open on one end, Figure 1 ) can be fabricated [17] . For drug delivery, having one end closed is advantageous during the loading process as only one end needs to be sealed afterward to prevent premature payload leakage. We have shown in previous work that we can fabricate silica nano test tubes by template synthesis and that their open ends can be capped with polymer nanoparticles by spontaneous chemical self-assembly [18] . The template synthesis method also allows for the inner and outer walls of the nanostructures to be differentially modified [19] . This was recently demonstrated with silica nano test tubes, whose inner surfaces were modified with a fluorophore while their exterior surfaces were linked to a targeting antibody for breast cancer cells [4] . These tubes were successfully targeted to breast cancer cells.
These recent findings have provided proof-ofprinciple for a nano test tube drug-delivery vehicle. While still embedded in the alumina template membrane, the nano test tubes can be filled with a payload and sealed with a spherical nanoparticle. After release from the alumina template, the exterior surfaces can be functionalized with a protein or ligand to direct the assemblies to the proper target. Before such a strategy can be Aims: Recent publications have suggested that cylindrically shaped drug-delivery carriers have an advantage over carriers based on spherical particles in both blood circulation and cell internalization rates. For this reason, this article introduces a method to fabricate hollow, uniform, biodegradable chitosan nano test tubes for applications in drug delivery. Methods: A nanoporous alumina template membrane was used to fabricate hollow chitosan nano test tubes. The chitosan nano test tubes were crosslinked with a disulfide cleavable crosslinker before being removed from the alumina template membrane. We explored two mechanisms for degrading the chitosan nano test tubes -enzymatic degradation by lysozyme and cleavage of the disulfide bond in the crosslinking agent. Results: The template synthesis method resulted in the fabrication of uniform hollow chitosan nano test tubes whose dimensions were easily manipulated based on the dimensions of the pores in the alumina template membrane. The tubes were degraded upon exposure to either lysozyme or sulfhydryl-containing reducing reagents. Conclusion: These tubes have potential for drug-delivery applications. The fact that these tubes degrade upon exposure to a sulfhydrylcontaining reducing agent allows for a mechanism for intercellular drug delivery as the tubes should degrade in the presence of intercellular glutathione.
employed in vivo, it is essential to fabricate nano test tubes out of a biodegradable polymer [20, 21] that is stable during circulation but degrades rapidly in response to a predefined stimulus at the desired location in order to release its cargo. We show here that this can be accomplished with the biodegradable material chitosan (Figure 2A) , which has been crosslinked with the amine-reactive disulfide-containing crosslinker dimethyl-3-3´-dithiobispropionimidate (DTBP) (Figure 2B ). In addition, we show that chitosan nano test tubes can be degraded by two mechanisms -enzymatic degradation by lysozyme and disulfide cleavage of the crosslinker by dithiothreitol (DTT) (Figure 2C ) or glutathione ( Figure 2D ).
Materials & methods
n Materials Purified water was obtained by passing housedistilled water through a Barnstead E-pure model D4641 water purification system. Chitosan oligosaccharide lactate (average molecular weight: 5000, deacetylation degree: >90%), carboxymethyl cellulose (CMC; average molecular weight: ~90,000; degree of substitution: 0.70), DTT, phosphate-buffered saline (PBS; pH 7.4), glutathione and lysozyme from chicken egg white were purchased from Sigma-Aldrich. Anodisc alumina filters with pore diameters of 200 nm and Nuclepore polycarbonate filter membranes were purchased from Whatman. DTBP was purchased from Pierce, 1-mm thick aluminum foil (99.9998% purity) was purchased from Alfa Aesar, epichlorohydrin (99%) was purchased from Acros and 2-(methoxy [polyethylenoxy] propyl)trimethoxysilane (PEG-silane) was purchased from Gelest. All other chemicals were of reagent grade and used as received.
n Fabrication of alumina template membrane The nanopore alumina templates were prepared by Masuda's two step anodization process [22] . Briefly, aluminum sheets (1 mm thick) were The surface layer of silica and polyethylene glycol is removed using Argon plasma etching (C). Chitosan or carboxymethyl cellulose was then solution cast into the template and crosslinked with either dimethyl-3-3´-dithiobispropionimidate or epichlorohydrin, respectively (D). The alumina template was removed by dissolving in acid (E) to liberate the biodegradable tubes.
electrochemically polished at 15 V in a solution containing 95% H 3 PO 4 , 5% H 2 SO 4 and 0.2 M CrO 3 , at a temperature of 70°C. The aluminum foil was then preanodized at 50 V in a solution of 5% oxalic acid at 0°C for 16 h. This precursor alumina film was dissolved in a 0.4 M H 3 PO 4 and 0.2 M CrO 3 solution heated to 70°C. Finally, the textured foil [22] was anodized for a second time under the same conditions as discussed above to yield the nanopore template. The anodization voltage was 50 V, which gives pores of 70-nm diameter. The anodization time was varied to yield alumina films of varying film thickness. Anodization times of 1, 5, 10 and 12 min were used. After growth, the alumina template was immersed into 5% phosphoric acid to increase the pore diameter. Immersion times of 30 min and 1 h were used to yield final pore diameters of 73 ± 3 nm and 102 ± 6 nm, respectively (TABle 1) .
n Fabrication of chitosan nano test tubes The method used is summarized in Figure 1 . First, Mallouk's layer-by-layer technique was employed to deposit a single layer of silicon dioxide on the pore walls ( Figure 1A ) [23] . This was accomplished by first immersing a 3 cm 2 piece of the alumina template membrane into a solution of 85% (v/v) SiCl 4 in CCl 4 for 2 min. The membrane was then immersed into a beaker containing 30 ml of CCl 4 for 2 min. To ensure that excess, nonbound, SiCl 4 was removed, the membrane was rinsed with CCl 4 and immersed into a second beaker of CCl 4 for 15 min. These steps were carried out in a polyacrylate box under 30 psi nitrogen flow to limit SiCl 4 hydrolysis by atmospheric water. To displace the CCl 4 from the pores, the alumina template membrane was immersed into 1:1 CCl 4 /MeOH for 2 min and then into EtOH for 5 min before drying in a N 2 stream. Finally, the membrane was immersed into purified water for 5 min and then into MeOH for 2 min. The template membrane was dried in a N 2 stream and then cured at 100°C for 1 h.
A PEG layer was then deposited on the pore wall ( Figure 1B ) by immersing the SiO 2 -modified template for 1 h in a solution containing 1 ml PEG-silane, 15 ml ethanol and 1 ml acetate buffer (50 mM, pH 5.3) at room temperature. The membrane was then rinsed with ethanol and cured in an oven at 100°C for 3 h. As indicated in Figure 1B , at this point the pore walls are coated with a monolayer of SiO 2 and a monolayer of PEG-silane. In addition, the upper face of the membrane is also coated with such monolayer films. These upper monolayer films were removed by reactive-ion plasma etching ( Figure 1C) The chitosan nano test tubes were then solvent cast into the PEG-modified pores ( Figure 1D ). This was accomplished by immersing the template into 5 ml of a 0.5% (w/v) chitosan solution in water. The template was sonicated for 3 min in this solution and then the solution with the template was placed into a vacuum chamber (14.2 mmHg) for 10 min. This aids in the pore wetting process by drawing the air out of the pores. The template membrane was then removed from the chitosan solution and excess solution was allowed to drain from the surfaces. The template was then air dried at room t emperature for 1 h.
As shown in Figure 2A , chitosan has free amine groups that can be linked together by reaction with the bifunctional crosslinking agent DTBP (Figure 2B ). This was accomplished by immersing the chitosan-impregnated alumina template membrane into 5 ml of 15 mM DTBP dissolved in 100 mM carbonate buffer (pH 9) for 1 h.
The nano test tubes were liberated from the template membrane by dissolving the alumina in 2 ml of 5% (v/v) phosphoric acid for 5.5 h at room temperature (Figure 1e) . The liberated nano test tubes were collected by vacuum filtration onto either alumina or polycarbonate nanoporous filter membranes and analyzed by electron microscopy. ImageJ software was used in conjunction with electron microscopy to measure the dimensions of the alumina template membranes and the nano test tubes (TABle 1) . It is important to highlight that noncrosslinked chitosan is soluble in acid solutions. Hence, crosslinking was essential for these studies because the alumina membrane was dissolved in an acidic solution. Without crosslinking, the nano test tubes would simply dissolve in the solution used to liberate them.
n Fabrication of carboxymethyl cellulose nano test tubes SiO 2 /PEG-silane-modified alumina templates were prepared as described previously ( Figure 1C) . The membranes were then immersed in a 0.5% (w/v) solution of CMC dissolved in water. The template was sonicated for 3 min in the solution, and then placed into a vacuum chamber (14.2 mmHg) for 10 min. The alumina template membrane was then removed from the CMC solution and the remaining solution was allowed to drip from the surface, after which, it was air dried for 2 h. Once the template membrane was dry, it was placed into a vapor chamber with 2 ml of epichlorohydrin to crosslink overnight.
After crosslinking, the nano test tubes were liberated by dissolving the alumina in 2 ml of 5% (v/v) phosphoric acid for 5.5 h at room temperature. The tubes were collected from the acid solution by vacuum filtration onto a nanoporous filter membrane and analyzed by electron microscopy.
n Analysis of tubes by electron microscopy A piece of the filter with nano test tubes on its surface was attached to a scanning electron microscopy (SEM) stub using double-sided
nm
Porous alumina Closed pore 500 nm Aluminum carbon tape. The samples were sputter coated for 40 s with Au/Pd using a Desk II Cold Sputter Instrument (Denton Vacuum, LLC) prior to imaging with a Hitachi S-4000 field emission SEM (FE-SEM). Transmission electron microscopy (TEM) (Hitachi H-7000) was also used to image the liberated chitosan nanotubes. A section of the filter used to collect the tubes was placed into a 0.5 ml centrifuge vial. The vial was filled half way with water to cover the filter and then placed in a sonicator (1510 Branson Ultrasonic Cleaner) for 10 min to resuspend the nanotubes. The filter was then removed, and the vial was placed in a centrifuge (Eppendorf Centrifuge model 5417C) for 10 min at 10,000 rpm. This concentrated the resuspended tubes to the bottom of the vial. A 10 µl aliquot was taken from the bottom of the vial and placed on a carbon-coated TEM grid. After 20 min, the excess water was wiped away with a laboratory tissue, and then the grid was placed in a 100°C oven for 5 min to dry prior to TEM imaging. Elemental dispersive x-ray spectroscopy (EDS) was also carried out on the nano tubes using the EDS system attached to the TEM instrument.
n Degradation of chitosan nano test tubes by lysozyme Chitosan is depolymerized by lysozyme via cleavage of the b-(1→4) glycosidic linkages [24] [25] [26] [27] [28] [29] . The lysozyme degradation solution was prepared in 10 mM PBS, pH 7.4, which was also 3 mM in NaN 3 . The concentration of lysozyme was 0.5 mg/ml. A 2 cm 2 piece of the alumina template containing the chitosan tubes was immersed into 15 ml of the degradation solution and incubated at 37°C. Every 24 h a 0.25 cm 2 portion of the membrane was cut away and removed from the degradation solution. This yielded samples that had been exposed to the degradation solution for 1-5 days. These samples were rinsed with water and the alumina template was removed by acid dissolution. The degraded tubes were collected by filtration, as before, and imaged using SEM. An analogous set of control experiments were carried out using buffer with no lysozyme.
n Degradation of chitosan nano test tubes by DTT As shown in Figure 2B , the crosslinking agent DTBP contains a disulfide bond, and it is well known that such bonds can be cleaved by exposure to a sulfhydryl-containing reducing agent, such as DTT (Figure 2C ) or glutathione ( Figure 2D) . The DTT degradation solution was 18.5 mM in DTT and was prepared in 10 mM PBS, pH 7.4. A 2 cm 2 piece of an alumina template containing the chitosan tubes was immersed in 5 ml of this solution at room temperature. Every 4 h a 0.25 cm 2 portion of the membrane was cut away and removed from the degradation solution. This yielded samples that had been exposed to the DDT degradation solution for between 4 and 24 h (i.e., every 4 h). After rinsing with water, the alumina template was dissolved and the degraded nano test tubes collected by filtration. As a control, chitosan nanotubes were immersed in the same buffer lacking DTT.
n Degradation of chitosan nano test tubes by glutathione In this case the degradation solution was 10 mM PBS, pH 7.4, that was 5 mM in glutathione. The degradation experiments were carried out as described previously at 37°C. After the desired exposure time, the degraded tubes were liberated by dissolution of the template, collected by filtration and imaged with SEM. Analogous control experiments were carried out using the same buffer without glutathione.
Results & discussion
n Fabrication & characterization of chitosan nano test tubes A SEM of a typical nanopore alumina template membrane is shown in Figure 3 . The open pore 500 nm 500 nm 500 nm ends are at the top of the image, and the closed pore ends and underlying aluminum foil are at the bottom. Pore diameters and film thicknesses were obtained from such images (TABle 1) . While alumina templates have been used previously to prepare polymer nano tubes, those templates had been liberated from the underlying aluminum foil. As a result, there were no closed pore ends, and polymer nanotubes that were correspondingly open on both ends were obtained. These tubes were prepared by placing a solution of the polymer on the upper surface of the template and using vacuum filtration to draw the polymer solution through the pores. However, hollow tubes were only obtained in membranes with pores greater than 200 nm in diameter. Solid poly mer nano wires were obtained in smaller pores. Hence, this vacuum filtration method could not be used for the 73 and 102 nm diameter pores (TABle 1) prepared for these studies.
We therefore turned to a film-casting strategy in which an aqueous polymer solution was deposited on the surface of the template followed by solvent evaporation. We initially attempted to solution cast into the as-prepared alumina templates, for example templates that were not coated with SiO 2 and PEG-silane (Figure 1) . However, as shown is Figure 4 , high quality monodisperse nano test tubes were not obtained. We hypothesized that this was due to the chitosan solution not fully penetrating into the porous membrane. This led us to develop the pore-wall coating methods to improve wettability of the pores by the polymer solution. Contact angle studies in which a droplet of the polymer solution was applied to the surface of the treated membrane were used to evaluate the pore-coating procedures.
The contact angle of a 0.5% chitosan solution on the as-prepared, untreated, alumina template was 130 ± 5°. After deposition of the SiO 2 monolayer (Figure 1A) , the contact angle decreased to 108 ± 5°, indicating better surface wetting. However, again only fragmented and partially formed chitosan nano test tubes were obtained from these SiO 2 -coated alumina templates. Attachment of the PEG-silane monolayer ( Figure 1B ) resulted in a contact angle for the 0.5% chitosan solution of 62 ± 4°, indicating d ramatically improved wettability.
Solution casting into these PEG-silane-treated membranes yielded nano test tubes with outside diameters equivalent to the pore diameter of the template and lengths equivalent to the thickness of the template (TABle 1) micrographs of such tubes (both before and after liberation from the template) are shown in Figure 5 . These images show that the tubes have uniform lengths, inside and outside diameters, and wall thickness. The wall thickness, determined from TEM images, such as in Figure 5B , was 15 nm. The effect of template-membrane thickness can be seen by comparing tubes grown in a thicker membrane (Figure 5B ) with analogous tubes grown in a thinner membrane ( Figure 5C ).
The question arises as to whether there is residual Si on the surface of these nano tubes due to the SiO 2 monolayer. We searched for Si using energy dispersive x-ray spectroscopy, but could not detect it. This is not surprising because when the tubes are within the template, the outer wall of the chitosan nano tube is separated from the SiO 2 monolayer by the PEG layer. As a result there is no chemical bond between the tube and the SiO 2 . Hence, it seems unlikely that Si would be on the nano tube surface.
n Fabrication & characterization of carboxymethyl cellulose nano test tubes Carboxymethyl cellulose nano tubes were prepared to demonstrate that the solution-casting method developed here could be applied to other polymers. Again, contact angle studies showed that it was necessary to coat the alumina template membrane with SiO 2 and PEG-silane in order to effectively solvent cast the CMC into the pores. The contact angle of a 0.5% aqueous CMC solution on the uncoated alumina template was 120°, again indicating poor wetting. Coating with SiO 2 decreased the contact angle to 80°. Coating with PEG-silane decreased the contact angle to 62°. In analogy to the chitosan results, solution casting of the CMC solution into these membranes yielded CMC tubes with outside diameter determined by the pore diameter and length determined by the membrane thickness (Figure 6 ).
n Degradation of chitosan nano test tubes Figure 7 shows SEM images of tubes exposed to the lysozyme solution for 3 and 5 days. After 3 days, the walls of the chitosan tubes were perforated ( Figure 7A ), and after 5 days the tubes lost their structural integrity and melded into one another ( Figure 7C ). By contrast, the control tubes showed no visible signs of degradation during the same period (Figures 7B & D) . As discussed previously, an alternative approach for degrading the chitosan nano tubes prepared here is to cleave the disulfide linkage in the DTBP crosslinking agent. As models for this strategy, we used DTT and glutathione. Figure 8 shows SEM images of the tubes exposed to DTT for 4 and 24 h. After 4 h, large holes appeared in the walls of chitosan tubes (Figure 8A) , after 24 h the number of these holes increased drastically ( Figure 8C) . By contrast, the control tubes showed no visible signs of degradation during the same period (Figure 8B  & C) . Similar results were observed for tubes immersed in gluta thione solution. Figure 9 shows SEM images of tubes exposed to gluta thione for 24 and 120 h. Degradation was first observed after 24 h (Figure 9A ), when the tubes developed numerous holes in their walls and the tubes appeared as one big mass after 120 h ( Figure 9C ). By contrast, the control chitosan nano test tubes incubated in buffer showed no visible signs of degradation for the same time period (Figures 9B & D) .
Conclusion
We have successfully developed a method to prepare uniform, hollow nano test tubes from biodegradable polymer chitosan. The nano test tubes were prepared using porous alumina template membranes and disulfide cleavable crosslinker, DTBP. We have used templates of different dimensions to prepare nano test tubes with lengths ranging from 100 nm to 1.2 µm and diameters ranging from 70 to 100 nm.
In this article, we demonstrate our concept of stimulated degradation by showing that the crosslinked nano test tubes can be degraded by two different mechanisms -enzymatic cleavage by lysozymes and cleavage of the disulfide bond in the crosslinking agent. The fact that these tubes degrade upon exposure to a sulfhydryl-containing reducing agent allows for a mechanism for intercellular drug delivery, as the tubes should degrade in the presence of intercellular glutathione.
Future perspective
Our future goals are to develop methods for loading the chitosan nano test tubes with a payload and cap these loaded tubes using a biodegradable nanoparticle. Furthermore, we plan to investigate outer surface functionalization with a targeting moiety, which will allow these tubes to be used for 'smart' drug delivery. It will also be important to study the cytotoxicity and the pharmacokinetics of these nanoassemblies.
